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ABSTRACT 
 
 
This thesis explores surface phonon polaritons (SPhP) in quartz coupled to the far 
field by gratings, and the temperature dependence of SPhP coupled to the far 
field.  The subject of coupling SPhP to the far-field has been studied in the past, 
but not at high temperature.  Devices proposed to control radiative heat transfer 
using SPhP would benefit from an understanding of SPhP temperature 
dependence.  In this thesis we study the effects of geometric grating parameters to 
optimize the coupling of SPhP to the far-field.  The width of the SPhP reflectivity 
dip depends on the depth of the grating. We study, for several grating depths, the 
tempertature dependence of SPhP radiation in the temperature range between 300 
K and 800 K. For a grating depth of 280 nm, the width of the reflectivity dip in 
the temperature range 300 < T < 800 K is comparable to what is expected for the 
SPhP excitations of a flat surface. For a grating depth of 670 nm, the width of the 
reflectivity dip increases significantly due to coupling to far-field radiation. For 
both depths the width of the SPhP reflectivity dip increases with increasing 
temperature and corresponds to the increase of the bulk transverse optical phonon 
damping. 
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LIST OF SYMBOLS 
 
ω  Angular frequency 
ωs  Surface Phonon Polariton resonance frequency 
c  Speed of light 
ε  Dielectric constant 
ε┴  Dielectric constant perpendicular to the surface 
ε//  Dielectric constant paralell to the surface 
εair  Dielectric constant of air 
ε∞  Static dielectric constant 
ΓTO  Lorentz model damping of a transverse optical phonon 
Γ  Damping of the surface phonon polartion 
Γ(ω)  Frequency dependent damping of a surface phonon polariton 
ΓEO Lorentz model damping of the extra-ordinary  ray transverse 
optical phonon 
ΓO  Lorentz model damping of the ordinary ray transverse optical  
  phonon 
K//  Surface phonon polariton wavevector parallel to the surface 
κair Surface phonon polariton wavevector perpendicular to the surface 
on the air side 
κ Surface phonon polariton wavevector perpendicular to the surface 
on the material side 
p  Interger 
 vi 
 
d  Grating spacing 
λ  Wavelength 
θ  Angle with the surface normal 
ψ  Ellipsometry amplitude ratio 
∆  Ellipsometry phase shift 
E  Photon Energy 
En  Resonance energy of the optical phonon 
Brn  Optical phonon damping 
An  Optical phonon amplitude 
FWHM Full width at half maximum 
SPhP  Surface phonon polariton 
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CHAPTER 1:  
INTRODUCTION 
 
 
1.1 Surface phonon polaritons 
 
Surface phonon polaritons (SPhP) are electromagnetic waves coupled to 
optical phonons that are confined to the interface between a polar dielectric and a 
lossless dielectric, in most cases air.  Since the SPhP resonance is near the optical 
phonon frequency SPhP electromagnetic energy is typically in the infrared.  In the 
near-field (within a wavelength of the surface) the EM field of the surface 
polariton can be nearly monochromatic with the SPhP frequency and is many 
orders of magnitude above the black body field at that frequency[1]. SPhP have a 
narrow bandwidth which is typically less than the bulk optical phonon 
damping[2].   SPhP can be coupled to the far-field by the use of gratings and 
prisms, but doing so results in an increase in bandwidth. 
 
SPhP are similar to Surface Plasmon Polaritons (SPP) where the EM wave is 
coupled to a plasmon resonance and not an optical phonon resonance[3, 4].  The 
derivation for the dispersion relation of SPhP and SPP is in fact the same since the 
material parameters only enter the dispersion through the dielectric constant. 
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1.2 Applications of SPhP 
 
 
  SPhP have been applied to create narrow bandwidth directional thermal 
emission [5-8], enhance radiative heat transport in the near-field [9, 10], and, most 
recently, rectify radiative thermal transport[11]. In Ref. 11, Otey and co-workers 
used temperature dependent changes in the SPhP spectrum to create rectification 
of thermal transport by near field radiation [11].  The two materials used in the 
thermal diode have non-overlapping but closely spaced peaks in the density of 
states of the SPhP.  Since the position of the peak shifts with temperature, heating 
of one side of the diode increases the overlap of the SPhP peaks of the two 
materials while heating the other side of the diode causes the overlap to decrease.  
Rectification is strongest if the shift in the position of the peak in the density of 
states is similar to the bandwidth of the SPhP.  
 
Therefore, a key parameter of a thermal diode based on near-field radiation is 
the bandwidth Γ of the SPhP; Γ is connected to the damping of the optical phonon 
through the complex dielectric constant [1, 9].  The damping of the optical 
phonon typically increases as the temperature increases due to anharmonicity[12].  
Therefore, as the temperature increases, we can expect Γ will increase. 
 
There are many other applications of SPhP that have recently been explored 
including terahertz emitters[13], chemical mapping through SNOM[14], sensing 
thin films that support SPhP, and Surface Enhanced infrared absorption 
(SEIRA)[15, 16].  
 3 
 
 
 
1.3 Materials used in this work 
 
Two polytypes of SiC were used in Ref. 11.  In our current work, we have 
chosen to study experimentally and theoretically a prototypical oxide crystal, α-
SiO2 (quartz).  Quartz crystals are commercially available at low cost.  The 
optical phonon frequencies are relatively high, comparable to those of SiC.  SPhP 
excitations of quartz have been previously studied at room temperature[17-20].  
We use an etched grating to couple the SPhP to the far-field and study the SPhP 
spectra using measurements of infrared reflectivity. 
 
Quartz has trigonal symmetry at room temperature which gives rise to 
anisotropy in the dielectric constant with the extraordinary direction along the c-
axis and the ordinary direction in the a-b plane[21].  At 573 °C, quartz transforms 
from the α to the β phase; the crystal structure changes from trigonal to 
hexagonal.  The change in phonon damping with temperature has been shown to 
increase significantly near the phase transition[22].  Abrupt changes in the optical 
phonon spectra at phase transformations may provide another mechanism for 
creating additional functional control of radiative thermal transport. 
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CHAPTER 2:  
THEORY 
 
 
2.1 SPhP on a flat surface 
 
 
The dispersion relation for SPhP can be derived by solving Maxwell’s 
equations at the interface between two materials [2-4, 23].  When the first 
material is anisotropic and the second material is air, the expression simplifies to 
2
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where //ε  is the dielectric constant parallel to the optic axis (extraordinary 
direction) and the ⊥ε  is the dielectric constant perpendicular to the optic axis 
(ordinary direction).  / /K  is the component of the wavevector parallel to the 
surface.  The ordinary direction is the direction of surface wave propagation along 
the interface [19]. From Eq.  2.1 it can be seen that the SPhP is at resonance when
1// =⊥εε  where both dielectric constants are negative, which is known as the 
SPhP frequency ωs.   
  
The freqency range which SPhP exist is called the “polariton gap”. In 
general, when the dielectric constant of a polar material is less than negative one, 
surface polaritons exist. For transverse optical phonons the polariton gap is 
between the transverse optical phonon frequency and ωs.   
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SPhP propagate along the interface and their electric field decays 
exponentially from the suface into the material and air according to the following 
relationship[4]. 
1
air
ε
κ κ
= −       (2.2) 
Where airκ and κ are the exponential decay constant of the electric field into air 
and the material, respectively.  Typical decay lengths for the electric field into the 
dielectric are on the order of microns in quartz.  Since the electric field penetrates 
much deeper than the lattice constant of the material, Maxwell’s equations and the 
bulk dielectric constant are all that is needed to describe SPhP.    
 
 
2.2 Coupling SPhP to far field radiation 
 
 
By etching a grating into the surface, the dispersion relation is modified by 
the grating and wavevectors outside of the first Brillouin zone are translated into 
the first Brillouin zone by a multiple of
d
pi2
, [24]. 
( ) / /2 2sin K p d
pi piθλ
 
= −  
 
                   (2.3) 
In Eq. 2.3, θ is the angle of incidence, λ is the incident wavelength, and d is the 
grating periodicity.  The grating then provides the large wavenumber SPhP modes 
a momentum “kick”, which enables them to couple to free propagating modes of 
the electromagnetic far-field.  Figure 2.2 is a plot of the grating dispersion 
relation, showing the radiating segments of the dipsersion relation in red.  The 
vertical lines represent the zone edges and the slanted lines are the light lines 
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plotted from the zone edges. By applying equation 2.2 to the radiating segments 
of Figure 2.2, they are translated into the first Brillouin zone, which can be seen in 
Figure 2.3. This plot shows both negative and positive values of K//, indicating 
both negative and positive traveling SPhP. Since the grating is symmetric, the 
negative values of  K// can be plotted on the positive axis. The frequency and 
angle of emission/ absorption of SPhP radiation can be tuned by changing the 
grating spacing. 
 
The dispersion relation is further modified by the finite depth of the grating.  The 
combination of Eqs. 2.1 and 2.3 yield the dispersion relation of a flat surface, but 
with a periodic surface profile, band gaps between the transverse phonon 
frequency and the SPhP frequency open up and grow with increasing depth.  The 
strengths of scattering of different frequency SPhP bands also depend on depth 
[25].  The bandwidth of the SPhP absorption is also increased by the grating 
profile. 
 
 SPhP, when propagated to the far-field by a grating, show up in 
reflectivity spectra as dips in reflectivity.  The polariton gap always corresponds 
to a region of high reflectivity of polar dielectrics known as the Restrahlen band.  
The Restrahlen band is between the transverse and longitudinal optical phonon 
frequencies.  Figure 2.4 shows the spectra of a quartz grating with a 7 µm spacing 
and a depth of 670 nm compared to flat quartz. Mostly all the dips in the quartz 
grating spectrum correspond to the bands in the SPhP dispersion relation. The 
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only dip that is not attributed to SPhP is at 1161 cm-1 which corresponds to 
absorption by a weak ordinary transverse optical phonon at that frequency. 
 
2.3 Expected damping of SPhP 
 
 
The SPhP damping predicted for a flat surface based on the damping of 
the transverse optical phonon (ΓTO), is given by[2]. 
( )
( ) ( )( )
1 ( ) 
 
2
1 ( ) 1
2
TO
ε ω
ω
ωω
ε ω
ε ω ε ω ω
ω
∂ Γ
∂Γ = ∂
+ + ∂
 
      (2.4) 
where Γ(ω) is the predicted damping for a flat surface.  The damping of the 
transverse optical phonon at elevated temperature ΓTO increases due to 
anharmonic effects.  The change in Γ(ω) with temperature is primarily due to the 
change in ΓTO since the remainder of the equation changes by less than 5% 
between 300 and 800 K. Therefore, the room temperature dielectric constant and 
its derivative with frequency can be used to evaluate this experssion.  The 
transverse optical phonon damping at elevated temperature can be found in 
Reference 22.  This function applied to quartz describes a monatonic increase 
from ~0.3ΓTO at the transverse phonon frequency to ΓTO at the SPhP frequency.  
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2.4 Figures 
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Figure 2.1 SPhP dispersion relation for the optic axis perpendicular to the surface 
of quartz. 
 
 
 
Figure 2.2 Flat surface SPhP dispersion plotted with the 7 µm grating dispersion.  
The red segements will radiate to the far field due to the interation with the 
grating.  
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Figure 2.3 The first four brilloun zones of the quartz flat surface SPhP propagated 
to the far-field by a grating with a 7 µm period. 
 
 
 
 
 
Figure 2.4 Example spectra comparing a quartz grating to a flat piece of quartz.  
The grating spacing is 7 µm and the depth is 670 nm.
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CHAPTER 3:  
EXPERIMENTAL METHODS 
 
 
3.1 Sample preparation 
 
 
Gratings were etched into 1 mm thick plate-shaped crystals of Z-cut α-
quartz. (Z-cut denotes a crystallographic orientation of α-quartz with the c-axis 
perpendicular to the surface.)  A 100 nm film of Cr was sputtered on the quartz 
sheets as an etch mask for the quartz. Standard photolithographic procedures, 
using commercially available AZ5214 photoresist, were used to pattern the Cr 
mask into an array of lines over a 1x1 cm2 area.  The quartz was then wet etched 
using an etchant concentration of 2:3 hydrofluoric acid (49% conc.) to ammonium 
fluoride (39.5% conc.) at 55 °C to minimize roughness [26, 27]. The grating 
periodic direction was always aligned with the a-axis, or X-direction, to maximize 
the difference between the lateral (2 µm/hr) and vertical (25 µm/hr) etch rates; the 
high anisotropy of the etch rates, should, in principle, enable nearly vertical side 
walls. The side wall profile was measured using cross-section scanning electron 
microscopy. On one-side of the channel, the sidewall was within 5 degrees of 
vertical; on the other side of the channel, the profile of the side-wall has a 45° 
facet that extends ~350 nm from the sidewall in the 670 nm depth sample.  
Simulations of the facet geometry did not produce a noticable difference in the 
SPhP spectrum. 
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A period of 7 µm was chosen so that we could probe the dispersion of the 
SPhP, i.e., the angle dependent frequency, at experimentally accessible angles.  
Simulations of the reflectivity spectrum at room temperature were used to select 
the depth of the grating and maximize the dip in reflectivity of the lowest 
frequency SPhP feature.  Following the approach of Ref.5 one third of the grating 
spacing is etched and the remainder is unetched. Depth and roughness were 
measured by atomic force microscopy (AFM), see Fig. 3.1.  The depth measured 
by AFM is 670±10 nm over the full area of the grating.  The roughness of etched 
and unetched surfaces was 2.9 nm rms and 2.6 mn rms, respectively, measured 
over areas of 2×30 µm2.  We fabricated and studied several other grating depths to 
reveal the effects of far-field radiative coupling on the damping of the SPhP. The 
three other depths were 280 nm, 585 nm, and 1160 nm. 
 
3.2 Angle resolved reflectivity 
 
 
We used measurements of angle-resolved infrared reflectivity to determine 
the SPhP spectrum of the quartz gratings.  A 10 W globar source was mounted on 
the rotating arm of a θ-2θ stage and the blackbody radiation was collected and 
made into a parallel beam by a parabolic collecting mirror with a 5 cm focal 
length and an f# of 2. After reflection from the sample, the infrared light passes 
through an aperture that controls the region of the sample that is probed by the 
spectrometer, ~5 mm in diameter, and focused at the input of a Fourier transform 
infrared (FTIR) spectrometer  by a parabolic mirror.  The resolution of the 
spectrometer was 2 cm-1.  Since only radiation with the electric field oriented in 
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the plane of incidence (TM- polarized)  couples to the SPhP, a CaF wire grid 
polarizer with an extinction ratio of 300:1 was used to filter the reflected light.  
Samples were mounted so that the grating periodic direction (a-axis) and the 
electric field were both in the plane of incidence. The reflectivity of a Ag film, 
which has a reflectivity of greater than 98% in the spectral region of interest, was 
used as a standard. Figure 3.2 shows a schematic of the experimental setup. 
 
Because the frequency of the SPhP mode that we are most interested in 
depends strongly on angle, uncertainties in the angles are a concern.  The angular 
accuracy of the stage is ≈1°, determined by the accuracy of the angle markings on 
the stages. The spread in angles of light illuminating the sample was larger than 
the spread in angles accepted by the collecting optics.  The angular acceptance 
from the samples were limited by the numerical aperture of the mirror that 
focuses the light into the spectrometer, which was calculated to be approximately 
±1° based on spot size 5 mm and focal length of 153 mm.  
 
3.3 Simulations of SPhP dispersion 
 
For comparion with the measurements of the spectral properties of SPhP 
finite difference time domain (FDTD) simulations of the reflectivity of the 
samples were performed by Eden Rephaeli at Stanford University.  The materials 
properties enter the simulation through the dielectric constant which was 
measured by ellipsometery. 
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Ellipsometry measurements were performed by Thomas E. Tiwald on flat 
and unpatterned  Z-cut and X-cut quartz using a J.A. Woollam IR-VASE 
spectroscopic ellipsometer in the spectral range of 300 cm-1 to 4000 cm-1. The 
ellipsometery data has a resolution of 2 cm-1. 
X-cut quartz was used to measure the two principle directions of the 
dielectric constant.  For each dielectric contant a separate set of data was required 
because each set of data gives you two quantities (Ψ and ∆) at each wavelength, 
and four unknowns exist for the two complex dielectric constants. For X-cut 
quartz the ordinary dielectric constant can be measured independently of the 
extraordinary because the optic axis is parallel to the surface, if the plane of 
incidence (POI) is perpendicular to the optic axis.  The extraordinary dielectric 
constant can then be measured by rotating the sample so that the POI is oriented 
along the optic axis.  In this measurement both the ordinary and extraordinary 
dielectric constants contribute to the data, but since the ordianry dielectric 
constant is aready known the exraordinary dielecric constant can be extracted. 
When the POI is aligned with the priciple optical axes the analysis of the 
ellipsometric data is reduced. In ellipsometric measurements the electric field is in 
the POI allowing you to obtain the complex ratio of the Fresnel coefficients [28].   
To fit the two sets of data two models were fit simultaniously, each model 
having a different orientation of the principle optical axes with respect to the POI, 
but shareing the same two unknown dielectric constants. Both the ordinary and 
exraordinary dielectric constant were defined by a summation of Lorentz 
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oscillators, as in Eq 3.1. A computer-controlled numerical regression analysis [29] 
simultaneously varied the Lorentz oscillator parameters of both dielectric 
functions until ellipsometric data generated by the dielectric constants fit 
experimental data.  A piece of Z-cut (optic axis normal to the surface) quartz was 
also measured to check the results from the X-cut quartz. 
 
Phonon damping is included in the dielectric constant of the oscillator 
model fit of the ellipsometry data.    
( ) ∑
=
∞
−−
+=
max
1
22
n
n nn
nnn
EiBrEE
EBrA
E εε
 ,    (3.1)  
where Brn is the phonon damping of the nth mode, En are the phonon frequencies, 
and An are the amplitudes. These parameters are listed in Table 1.  Several 
investigators have made similar models for quartz from reflectivity and 
ellipsometry, but a more detailed analysis of the frequency range we are interested 
in is needed for more accurate modeling[21, 22, 30, 31]. There are many extra 
oscillators in this model that do not correspond to actual phonons, but are used to 
make a more accurate fit of the ellipsometry data.   
 
The simulations of the reflectivity spectra of the 670 nm deep grating were 
performed using a 2D finite-difference frequency-domain code, in which 
Maxwell’s equations for TM-polarized light (H-field transverse to the plane of 
incidence) were discretized and solved, one frequency at a time [32].  Bloch 
boundary conditions were enforced in the transverse direction. The total size of 
the computational cell was fixed at 7 µm by 20 µm, with a gridpoint resolution of 
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70 nm by 10 nm in the transverse and longitudinal direction, respectively.  A 
perfectly-matched layer (PML) was implemented in the longitudinal direction to 
avoid spurious reflections at the edge of the computational cell [33].  A thin slab 
was added below the grating and truncated inside the PML region to simulate an 
infinitely thick substrate.  The simulation used both the ordinary ray and 
extraordinary ray dielectric constant measured by ellipsometry to accurately 
model the biaxial nature of the material. 
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3.4 Figures 
 
 
Figure 3.1 AFM image of the quartz grating structure with periodicity 7 µm 
and depth 670 nm. 
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Figure 3.2 Schematic of the experimental setup. Angle resolved reflectivity using a θ-2θ stage to couple a globar source into an FTIR. 
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3.5 Tables 
 
Table 1. Oscillator model parameters from ellipsometry measurements. 
Ordinary  Extraordinary 
n An En  Br   N An En  Br  
 
 (cm-1) (cm-1)    (cm-1) (cm-1) 
1 44.021 393.61 3.3  1 68.024 363.93 3.6 
2 101.700 449.84 3.7  2 0.212 415.64 15.5 
3 1.906 694.89 8.3  3 82.130 494.17 4.5 
4 12.722 794.88 7.5  4 12.639 776.03 7.2 
5 105.396 1065.23 6.9  5 120.713 1073.38 6.3 
6 0.016 1142.33 3.6  6 0.040 1189.25 16.1 
7 1.258 1160.85 8.0  7 0.027 1237.95 54.5 
8 0.048 1175.36 176.8  8 0.052 1275.09 120.1 
9 0.038 1270.83 39.4  9 0.042 1609.97 35.4 
10 0.041 1875.00 34.7  10 0.026 1688.31 24.6 
         11 0.012 1791.12 26.2 
         12 0.053 1876.05 43.6 
                 
  ε∞ 2.3839      ε∞ 2.412   
 
 
 19 
 
CHAPTER 4:  
RESULTS AND DISCUSSION 
 
4.1 SPhP dispersion measured from reflectivity 
 
The dispersion relation of SPhP can be measured by the setup described in 
Chapter 4, by varying the angle of incidence, as seen in Equation 2.3.  Figures 5.1 
and 5.2 show the variation of the reflectivity spectra of a quartz grating with 
depths of 291 nm and 1160 nm, respectively.  The predicted dispersion relation in 
Figure 2.3 shows that the lowest frequency band changes rapidly with angle while 
the higher frequency bands stay at a constant frequency, which is consistent with 
the behavior observed in Figure 5.1 and 5.2. By plotting the frequency of the dips 
in reflectivity, we can recover the SPhP dispersion relation seen in Figure 5.3.   
 
SPhP dispersion was also simulated for comparison with the dispersion 
relation measured by reflectivity. The two dispersions have similar SPhP dip 
widths and frequencies.  Figure 5.4 shows the simulated dispersion.    
 
Interpreting the SPhP spectra involves an understanding of the “flat 
surface” dispersion relation.  For the highest frequency band, the minimum was 
over many frequencies possibly due to the involvement of many higher order 
bands.  For these bands the frequencey was chosen to be the middle of the dip in 
reflectivity.  The dips around 1150 cm-1 are closely spaced and as angle decreases 
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the two peaks approach each other and become a single peak. The merge in bands  
for a flat surface happens at K// = 0 , but occurs in the simulation and reflectivity 
measurements at ~200 cm-1.  These branches are also close to the bulk transverse 
phonon absorption dip at 1161 cm-1 making it hard to determine information other 
than the dip frequency.  The lowest frequency band varies from the transverse 
phonon frequency at 1065 cm-1 to ~1125 cm-1 for the 670 nm deep grating.  This 
dip is the only dip that is exclusivly composed of one SPhP band and does not 
overlap with strong bulk phonon absorption, making it ideal for measuring the full 
width at half maximum (FWHM) for deriving the SPhP damping. This should 
also be the most narrow bandwidth SPhP band since it is the closest to the 
transverse optical phonon frequency.  
 
4.2 Depth dependance of SPhP dispersion 
 
The depth of the grating can shift the SPhP frequency, FWHM of the 
reflectivity dip, and overall depth in reflectivity. In this section we go over what 
was observed in SPhP reflectivity spectra at several depths. 
 
SPhP dispersion plotted for three different depths, in Figure 5.4, shows the 
shift in frequency of the SPhP dips with grating depth.  As the depth of the grating 
is decreased the dispersion relation approaches the “flat surface” dispersion 
relation. The highest frequency band increases with depth above the “flat surface” 
ωs.  Gaps between the bands also increase with depth of the grating.   
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If we compare the reflectivity spectra for 280 nm depth and 1160 nm 
depth in Figures 5.1 and 5.2, we can observe the increase in FWHM with grating 
depth.  The FWHM of the lowest frequency dip at an angle of 8 degrees changes 
from 12 cm-1 to 37 cm-1 for 280 nm and 1160 nm depth, respectively. 
 
4.3 Temperature dependent properties of SPhP spectra 
 
Temperature dependence of the FWHM of the lowest band of SPhP 
radiation was studied for grating depths of 280 nm and 670 nm.    The FWHM of 
the reflectivity dip at 1100 cm-1 was determined by a non-linear least squares fit 
of the spectra to a sum of Lorentzians.  Figure 4.7 shows that the changes in the 
FWHM of the SPhP feature for both gratings have the same temperature 
dependence.  The FWHM of the deeper grating is offset from the FWHM of the 
shallower grating by a constant, ≈10 cm-1. The FWHM of the reflectivity dip is a 
measure of the damping of the SPhP.  The damping of the SPhP is controlled by 
the lifetime of the optical phonon due to anharmonic interactions with other 
phonons and coupling of the SPhP to far-field electromagnetic radiation.   
 
We now compare the damping we observe in our experiements to the 
SPhP damping predicted for a flat surface based on the damping of the transverse 
optical phonon (ΓTO)[2]. 
Values for the damping of the transverse optical phonon at elevated temperature 
ΓTO were obtained from the literature[22]. Equation 2.4 was evaluated using the 
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dielectric constant obtained from ellipsometric measurements at room 
temperature, mentioned in Chapter 3.  The transverse optical phonons of interest 
have room- temperature frequencies of 1073 cm-1 and 1065 cm-1 for the extra-
ordinary and the ordinary direction, respectively.  The room temperature damping 
for these phonons is 6.8 and 7.2 cm-1, and from Equation 2.4 the damping of the 
SPhP of a flat surface is predicted to be 70% and 75% of these values, 
respectively.  The elevated temperature damping parameters from Ref. 22 were 
converted to SPhP damping for the flat surface condition and plotted along with 
the FWHM of the feature at 1100 cm-1.  (Measurements of reflectivity  at elevated 
temperature could have been used to obtain the phonon dampings but we felt we 
could not substantially improve upon the data in Ref. 22.)  The damping is 
approximately 12 cm-1 higher than that of a flat surface; we attribute this 
additional temperature independent damping to damping created by coupling to 
far-field radiation induced by the grating[4]. FWHM data for the 200nm deep 
grating are closer to the predicted damping, as expected.  The excellent agreement 
between the simulated and measured values of the FWHM of the 670 nm grating 
help us rule out a significant role of random surface roughness or other material 
condition effects on the damping of the SPhP. 
 
The 670 nm deep grating exhibits near-zero reflectivity at the resonance 
frequencies. Thus, we can infer that we are close to critical coupling condition, 
characterized by a radiative coupling rate (due to the grating) equal to the “flat 
surface” SPhP loss rate as can be inferred by the linewidth of surface phonon 
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polartion on a flat-surface[34].  Thus, in this case the total damping rate, 
combining both the radiative coupling rate due to the grating and the material 
absorption rate, is approximately twice the “flat surface” SPhP loss rate, 
consistent with the data shown in Fig. 4.7.  
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4.4 Figures 
 
Figure 4.1 Reflectivity at several angles showing data used to plot SPhP 
dispersion.  The reflectivity data is for a grating spacing of 7 µm and a depth of 
291 nm.  
 
 
Figure 4.2 Reflectivity at several angles showing data used to plot SPhP 
dispersion.  The reflectivity data is for a grating spacing of 7 µm and a depth of 
1160 nm. 
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Figure 4.3 SPhP dispersion for a grating spacing of 7 µm and a grating depth of 
670 nm. 
 
 
 
  
 
Figure 4.4 Simulated Reflectivity plotted against wavevector parallel to the 
surface.  SPhP dispersion for a grating spacing of 7 µm and a grating depth of 670 
nm. 
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Figure 4.5 Experimental SPhP dispersion plotted with the falt surface SPhP 
dispersion.  As the depth decreases the experimental dispersion appraoches the 
flat surface dispersion. 
 
 
 
Figure 4.6 Reflectivity of a quartz grating with a spacing of 7 µm spacing and a 
670 nm depth at several temperatures. 
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Figure 4.7  Temperature dependence of the FWHM of the dip in reflectivity at 
1100 cm-1 for two grating depths plotted with the flat SPhP damping for the 
ordinary (ΓO) and extraordinary (ΓEO) transverse phonons.  Changes in FWHM 
correspond to changes in the phonon damping.  The simulated FWHM at 1100 
cm-1 is also plotted and is similar to the experimental value at room temperature. 
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CHAPTER 6:  
CONCLUSION 
 
 
In conclusion, gratings etched in quartz can dramatically change the 
reflectivity spectrum.  The lowest frequency band in the dispersion is reduced 
from a high reflectivity value of ~0.9 to 0.15 by the absorption of SPhP radiation.  
The FWHM of the lowest band for measured reflectivity and simulated spectra is 
on the order of 15 cm-1. This narrow bandwidth absorption can be used in many 
applications going forward. 
 
The FWHM of the SPhP features coupled to the far-field by a grating 
increase with increasing temperature, corresponding to an increase in the bulk 
transverse phonon damping.  The simulated spectra and dispersion relation agree 
well with the reflectivity data at room temperature.  The agreement between 
experiment and simulation at room temperature shows that the grating produces 
an increase of the damping of the SPhP over what is expected for a flat surface, in 
agreement with coupled-mode theory[34]. 
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